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A B S T R A C T
Gears are very reliable components and normally work 5–6 years without failure. This
article is a case study of failure analysis of a gearbox which was failed in three months after
its installation. The problem was identiﬁed by maintenance engineers through vibration
monitoring of gearbox. Hardness measurement of case and core revealed that the core was
harder than case and the applied load was sufﬁciently high for failure of gear.
Recommendations were given to improve the fatigue life of gearbox.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The failure of gearbox caused losses in terms of cost of gear, down time during replacement and production losses. The
gearbox under investigation was used for the driving the axial fan of an air cooled condenser (ACC) of a power plant in a very
reputed cement industry in India. The gearbox was expected to have life of 50,000 h continuous running. However, it could
not even run for 3000 h which was very intriguing. The unexpected failure of the gearbox led to investigation of the gearbox.
Diameter of the axial fan was 32 feet and had six blades. The amount of airﬂow can be adjusted by increasing the blade
angle. The failure occurred when the blade angle was changed from 178 to 208 during summer to increase the air ﬂow. The
ambient air temperature reaches up to 458 C during summer at the location of the power plant.
This problem was identiﬁed by condition monitoring team which observed increase in vibration level drastically. This
problem was observed in three other gearboxes while, changing the blade angle during summer. Failure analysis of gear is a
subject of interest to many practicing engineers and researchers. Before starting the failure analysis of the gear, literature
review was done to understand the various mechanisms of the gear failure. Various causes of gear failure are mentioned in
literature [1–8]. Case studies on gear failure analysis are also very helpful to understand causes of gear failure and
methodology of gear failure analysis. Some of the case studies on root cause analysis of gear failure are mentioned in [9–17].
In the present study, a failed gear and a pinion were examined. Apart from examining the failed gear and pinion,
investigation of the geometric accuracy of new gear and pinion were also carried out to ascertain the quality of the gear.
2. Details of gearbox
The investigated gearbox had double reduction helical gears. Fig. 1 shows the cut section of the gearbox and Table 1
presents its other details including the composition of the gear material provided by the concerned industry. The input shaft* Corresponding author. Tel.: +91 732 4240 716; fax: +91 732 4240 761.
E-mail address: anandp@iiti.ac.in (A. Parey).
http://dx.doi.org/10.1016/j.csefa.2014.08.003
2213-2902/ 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/3.0/).
Fig. 1. Arrangement of the gears of the ACC fan gear box.
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teeth meshes with the smaller gear (referred as intermediate pinion) having 15 teeth and mounted on the intermediate shaft.
The intermediate pinion was observed with severe damage.
3. Investigations and analysis
3.1. Visual examination
Visual examination of the damaged intermediate pinion having 15 teeth and rotating at 290 rpm (Fig. 2a) and its meshing
with the damaged output gear having 48 teeth and rotating at 92 rpm (Fig. 2b) suggested that the gears are damaged due to
Hertzian fatigue. Following two types of Hertzian fatigue has been observed.
3.1.1. Destructive pitting InTa
D this type of pitting the surface pits are usually considerably larger in diameter than those associated with initial pitting.
 The dedendum section of the drive gear is often the ﬁrst to experience serious pitting damage. However, as operation
continues, pitting usually progresses to the point where a considerable portion of all the tooth surfaces has developed
pitting craters of various shapes and sizes.
3.1.2. Spalling Spalling is similar to destructive pitting except that the pits are usually larger in diameter and quite shallow.
 Spalling often occurs in medium hard material and as well as in highly loaded fully hardened material.
Occurrence of the destructive pitting and spalling suggest that the gears do not have sufﬁcient surface capacity and
probably are not designed properly. Due to misalignment, the pinion does not mesh properly with the gear during operation
and this led to a high stress concentration at the particular area. Fig. 2b shows the damaged output gear. It is clear fromble 1
etails of ACC fan gearbox.
Parameter Description/value
Gear type Vertical parallel shaft, foot mounted, double reduction helical
Rating of gearbox 314 kW @ 1500 rpm
Nominal ratio 16:1
Input speed of gearbox 1480 rpm
Service factor 3.34
Gear efﬁciency 98%
Lubricating oil Servomesh SP 320
Acceptable vibration 2.5 mm/s
Composition of the gear material (% by wt) Fe: 96%; C: 0.24%; Ni: 2.33%; Cr: 0.77%; Mo: 0.20%; Mn: 0.4%; Nb: 0.03%; Pb: 0.03%
Fig. 2. Photographs of the (a) damaged intermediate pinion; (b) damaged output gear; and (c) enlarged view of Fig. 2b, showing starting area of pitting and
directions of spread.
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from Fig. 2c that pitting started close to pitch line and then spread at both the side of pitch line on the tooth ﬂank. Contact
stresses are maximum near the pitch line because load is taken by single tooth pair. Pitting is usually caused due to gear tooth
surfaces not properly conforming to each other or not ﬁtting together properly. This can be a result of minor involute errors
or local surface irregularities but, most often it occurs because of improper alignment across the full face width of the gears.
3.2. Investigations on geometric accuracy of the gears
Examination of geometric accuracy of the gears includes form errors/deviations (i.e. in the proﬁle and lead) and location
errors (pitch, and runout) and surface topography. Proﬁle and pitch errors were measured on the SmartGear CNC gear
metrology machine using 3 mm diameter probe. The smaller portion cut of the intermediate pinion was mounted on the
metrology machine with the help of specially designed ﬁxture. The measurements were taken on the left ﬂanks of the gear
teeth for the inspection of proﬁle error and on both the ﬂanks of all the twelve teeth for the pitch errors. During the gear
metrology investigations, it was found that the gear teeth proﬁle was curved along the face width i.e. it was not straight
helical proﬁle. Due to this curvature and unavailability of the data about it, the investigations on the lead, runout and surface
topography could not be done. Fig. 3 presents the gear metrology report for investigation on the gear proﬁle.
The metrology report revealed that intermediate pinion had proﬁle error in the range of 40–70 mm. The Deutshce Normen
(DIN) quality number assigned to this gear on the basis of proﬁle error is DIN 10. Referring to Table 2, it can be concluded this
quality number for the gears used in the slow speed machineries is acceptable and it also indicates that the gear of this
quality should not generate excessive noise. It can also inferred from Table 2 that gear manufacturing processes such as
milling, cold drawing, stamping and powder metallurgy give this gear quality number.
The amount of single pitch error was found to be 15.2 mm for RF and 9.3 mm for LF. The accumulated pitch errors were
found to be 39.5 and 37 mm for RF and LF respectively. These errors categorize this gear having DIN quality number in the
range of 7–8 which is acceptable for the type of applications where the present gears are being used. It can also inferred from
Table 2 that gear ﬁnishing operations such as gear shaving, gear honing, gear lapping and gear grinding produces this gear
quality.
Fig. 3. Gear metrology report for investigation on the gear proﬁle.
Table 2
Quality numbers for various applications [4].
Application type Typical examples DIN quality number Corresponding manufacturing or ﬁnishing process
Commercial applications Hand tools, pumps, clocks,
slow speed machineries,
various appliances
12 Plaster-mold casting, permanent-mold casting
12 Investment casting, injection molding, extrusion
11 Die casting
10 Milling, cold drawing, stamping, powder metallurgy
9 Rolling, broaching
Precision applications Aircraft engines, turbines,
cameras, automatic
transmission systems,
instruments, high speed
machineries
9–10 Rolling, shaping, hobbing
8–9 Rolling, shaving, honing, lapping, grinding
7–8 Shaving, honing, lapping, grinding
6–7 Shaving, grinding
4–6 Grinding
Ultra-precision applications Precision instruments,
military navigations
3–4 Grinding
1–2 Grinding with extra care
A. Parey et al. / Case Studies in Engineering Failure Analysis 2 (2014) 150–156 153On the basis of these results it can be concluded that from the point of view of motion transfer this gear will not have any
problem.
3.3. Investigation of the surface quality
Two gear teeth were cut out from the smaller portion of the intermediate pinion to investigate the average and maximum
surface roughness and bearing area curve (BAC). The measurements were taken at three different locations along the face
width of the each gear tooth. Fig. 4 depicts these locations marked as 11, 12, 13, 21, 22 and 23 for the both the gear teeth. The
measurement was done on Contracer-cum-surface roughness tester. The surface roughness data were collected on a
sampling length of 0.8 mm and an evaluation length of 2.4 mm using the Gaussian ﬁlter. Table 3 presents the summary of the
surface roughness parameters.
Even though the gear teeth surfaces seem to have reasonably good average surface roughness values but have very high
maximum surface roughness values i.e. maximum value of the peak-to-valley height indicating non-uniform P-proﬁle. Such
gear surfaces have many peaks which are rapidly worn out during initial running of the gear resulting in lot of initial wear.
Ratio of the maximum to average surface roughness values is in the range of 6–8.6. This ratio should be less than 5 for
enhanced tribological performance of the gears.
Fig. 4. Location of the points of measurement of surface roughness on cut out gear teeth.
Table 3
Summary of the surface roughness parameters at the six locations.
Location of
measurement
Average surface roughness ‘Ra’ value (mm) Maximum surface
roughness ‘Rt’ value (mm)
Ratio of maximum to average
surface roughness values
11 0.65 5.42 8.34
21 0.72 4.82 6.69
12 0.61 5.24 8.59
22 0.82 4.98 6.07
13 0.67 5.20 7.76
23 0.84 5.58 6.64
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Micro-hardness analysis of the new gear was done to know about the quality of the heat treatment of the gear.
Vicker’s hardness was measured along the gear tooth thickness at three different locations viz. near addendum circle,
near pitch line and near dedendum circle on the micro-hardness tester. The sample was prepared by removing a slice of
one of the pinion tooth using diamond cutter and then grinding and polishing of the surface. The prepared sample is
shown in Fig. 5a. A load of 0.5 kg was applied for indentation. The indentation mark for one location has been shown in
Fig. 5b. The Vickers hardness values at different locations are shown in Fig. 6. The converted Brinell hardness value is
also shown in the bracket.
The measured values of Vickers’s hardness at different locations across the tooth thickness suggest that the gears are not
case hardened. Moreover, hardness of core is more than the hardness of surface.
3.5. Investigations on the microstructure
Microstructure examination was done using the Optical Microscope to do phase analysis so as to help in determining the
type of heat treatment and presence of defects if any. The microstructure investigations were carried out across the helical
gear tooth thickness. The sample was polished by 2200 grade emery paper and on the machine using Selvist cloth and
diamond paste and ﬁnally etched by 3% Nitral solution for 2 s. The microstructure of the entire gear tooth surface was seen at
100. Some of the micrographs are shown in Fig. 7a–c.
Study of microstructure reveals that, there is no change in the microstructure at any location of the gear tooth thickness.
Phases appear to be martensite and some retained austenite.
These observations corroborate the micro-hardness measurements in which no signiﬁcant variation in the hardness is
observed from case to core of the gear tooth. The hardness values and the similarity in microstructure suggest that the gear
under investigation is through hardened.
Fig. 5. (a) Gear tooth sample for hardness measurement; and (b) indentation mark.
Fig. 6. Distribution of Vicker’s hardness at different locations of the gear tooth.
Fig. 7. Microstructure at the (a) edge of the gear tooth surface; (b) mid-cross section of the gear tooth surface and (c) far edge of the gear tooth surface, at
100 magniﬁcation.
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A. Parey et al. / Case Studies in Engineering Failure Analysis 2 (2014) 150–1561564. Recommendations1. The gears should be case hardened instead of through hardened. Through-hardened gears are typically designed to
withstand contact stress of approximately 700 MPa, while, the contact stresses on carburized gears may reach 2100 MPa.
Maximum pitting resistance is obtained with carburized gear teeth.2. The surface ﬁnish of the gear should be improved so that ratio of the maximum to average surface roughness is less than 5.
Very high value of this ratio indicates that the surface has many peaks susceptible for initial wear tear thus initiating the
generation of the wear debris.
References
[1] Johnson KL. The strength of surfaces in rolling contact. Mech Eng Sci 1989;203(3):151–63.
[2] Fernandes PJL. Tooth bending fatigue failures in gears. Eng Fail Anal 1996;3(3):219–25.
[3] Alban LE. Failures of gears failure analysis and prevention ASM handbook, vol. 11. OH: ASM International; 1996. p. 587–601.
[4] Dudley DW. Fatigue and life prediction of gears fatigue and fracture ASM handbook, OH: ASM International; 1996.
[5] Fernandes PJL, McDuling C. Surface contact fatigue failures in gears. Eng Fail Anal 1997;4(2):99–107.
[6] Ding Y, Rieger NF. Spalling formation mechanism for gears. Wear 2003;254:1307–17.
[7] Abhay KJ, Diwakar V. Metallurgical analysis of failed gear. Eng Fail Anal 2002;9(3):359–65.
[8] Mackenzie S. Overview of the mechanisms of failure in heat treated steel components, failure analysis of heat treated steel component (#05113G). ASM
International; 2008. p. 43–4.
[9] Asi O. Fatigue failure of a helical gear in a gearbox. Eng Fail Anal 2006;13:1116–25.
[10] Al-Meshari A, Al-Zahrani E, Diab M. Failure analysis of cooling fan gearbox. Eng Fail Anal 2012;20:166–72.
[11] Pandey RK. Failure analysis of coal pulveriser gear box. Eng Fail Anal 2007;14:541–7.
[12] Xu X, Yu Z. Failure analysis of diesel engine ﬂywheel ring-gears. Eng Fail Anal 2005;12:25–34.
[13] Jonck J, Slabbert GA. Analysis of a failed spur gear from a vibro-hammer. Eng Fail Anal 2013;34:511–8.
[14] Peng C, Liu Z, Zhu W. Failure analysis of a gear tooth fracture of a rolling mill decelerator. Eng Fail Anal 2011;18:25–35.
[15] Bhaumik SK, Sujata M, Suresh Kumar M, Venkataswamy MA, Parameswara MA. Failure of an intermediate gearbox of a helicopter. Eng Fail Anal
2007;14:85–100.
[16] Siddiqui NA, Deen KM, Khan MZ, Ahmad R. Investigating the failure of bevel gears in an aircraft engine. Case Stud Eng Fail Anal 2013;1:24–31.
[17] Neptu S, Srichandr P. Failure of a helical gear in a power plant. Eng Fail Anal 2013;32:81–90.
